Alveolar formation is coupled to the spatiotemporally regulated differentiation of alveolar myofibroblasts (AMYFs), which contribute to the morphological changes of interalveolar walls. Although the Ras-ERK signaling pathway is one of the key regulators for alveolar formation in developing lungs, the intrinsic molecular and cellular mechanisms underlying its role remain largely unknown. By analyzing the Ras-ERK signaling pathway during postnatal development of lungs, we have identified a critical role of DA-Raf1 (DA-Raf)-a dominant-negative antagonist for the Ras-ERK signaling pathway-in alveolar formation. DA-Raf-deficient mice displayed alveolar dysgenesis as a result of the blockade of AMYF differentiation. DA-Raf is predominantly expressed in type 2 alveolar epithelial cells (AEC2s) in developing lungs, and DA-Rafdependent MEK1/2 inhibition in AEC2s suppresses expression of tissue inhibitor of matalloprotienase 4 (TIMP4), which prevents a subsequent proteolytic cascade matrix metalloproteinase (MMP)14-MMP2. Furthermore, MMP14-MMP2 proteolytic cascade regulates AMYF differentiation and alveolar formation. Therefore, DA-Raf-dependent inhibition of the Ras-ERK signaling pathway in AEC2s is required for alveolar formation via triggering MMP2 activation followed by AMYF differentiation. These findings reveal a pivotal role of the Ras-ERK signaling pathway in the dynamic regulation of alveolar development.
Alveolar formation is coupled to the spatiotemporally regulated differentiation of alveolar myofibroblasts (AMYFs), which contribute to the morphological changes of interalveolar walls. Although the Ras-ERK signaling pathway is one of the key regulators for alveolar formation in developing lungs, the intrinsic molecular and cellular mechanisms underlying its role remain largely unknown. By analyzing the Ras-ERK signaling pathway during postnatal development of lungs, we have identified a critical role of DA-Raf1 (DA-Raf)-a dominant-negative antagonist for the Ras-ERK signaling pathway-in alveolar formation. DA-Raf-deficient mice displayed alveolar dysgenesis as a result of the blockade of AMYF differentiation. DA-Raf is predominantly expressed in type 2 alveolar epithelial cells (AEC2s) in developing lungs, and DA-Rafdependent MEK1/2 inhibition in AEC2s suppresses expression of tissue inhibitor of matalloprotienase 4 (TIMP4), which prevents a subsequent proteolytic cascade matrix metalloproteinase (MMP)14-MMP2. Furthermore, MMP14-MMP2 proteolytic cascade regulates AMYF differentiation and alveolar formation. Therefore, DA-Raf-dependent inhibition of the Ras-ERK signaling pathway in AEC2s is required for alveolar formation via triggering MMP2 activation followed by AMYF differentiation. These findings reveal a pivotal role of the Ras-ERK signaling pathway in the dynamic regulation of alveolar development.
A lveoli are the basic units of gas exchange that are essential for maintaining life in air-breathing vertebrates. To expand the surface area for gas exchange, immature prealveolar saccules in neonates are subdivided into alveoli by the formation of new alveolar septa (secondary septation) within few weeks after birth. Immature prealveolar saccules mainly contain two types of alveolar epithelial cells (AECs). Type 1 AECs (AEC1s), which are flat and occupy the large part of alveolar surface, are involved in gas exchange, whereas type 2 AECs (AEC2s), which are small and cuboidal cells, secrete surfactants to lower the surface tension of lungs (1, 2) . During secondary septation, alveolar myofibroblast (AMYF) precursors expressing platelet-derived growth factor-receptor-α subunit (PDGFRα) are induced by epithelial-derived PDGF-A and differentiate into AMYFs (3) (4) (5) (6) . AMYFs expressing contractile α-smooth muscle actin (α-SMA) transiently appear at the tips of the new alveolar septa from postnatal day (P) 5 and deposit extracellular matrix (ECM) proteins, including tropoelastin, collagen, and fibronectin, which provide the driving force for folding up of interalveolar walls (7) (8) (9) . Accumulating evidence also suggests that secondary septation is a highly complicated process regulated by multiple microenvironmental cues, such as direct cell-cell interaction, paracrine signals, and ECM contact. In particular, ECM proteins and their remodeling enzymes, including matrix metalloproteinase (MMP)2 and MMP14 (also known as MT1-MMP), are important in both providing the scaffolds and determining the bioavailability of diverse ligands for alveolar morphogenesis (10-13).
The Ras-ERK signaling pathway is one of the key regulators for not only tracheal branching but also alveolar formation in developing lungs (14) (15) (16) . The Ras-ERK signaling pathway transmits extracellular stimuli from the plasma membrane to the cytoplasm or the nucleus (17) (18) (19) . Following receptor autophosphorylation, Ras proteins (H-Ras, N-Ras, and K-Ras) are activated in the plasma membrane and consequently recruit Raf family serine/ threonine kinases (A-Raf, B-Raf, and C-Raf) via their conserved Ras-binding domain. Then, the activated Raf kinases induce serial phosphorylation and activation of MEK1/2 and ERK1/2 to regulate transcription factors. We have identified DA-Raf as a splicing variant of A-Raf (20) . DA-Raf shares a common Rasbinding domain with A-Raf, but lacks the kinase domain. As expected from its domain structure, DA-Raf binds to the activated Ras proteins and inhibits the activation of downstream kinases, MEK1/2 and ERK1/2, in vitro.
Although the Ras-ERK signaling pathway is one of the key regulators for alveolar formation in developing lungs, the molecular and cellular mechanisms underlying its role remain
Significance
Alveoli participating in gas exchange are essential for maintaining life in air-breathing vertebrates. In developing lungs, alveolar myofibroblasts (AMYFs) cause morphological changes of interalveolar walls and consequently generate alveoli. Although the Ras-ERK signaling pathway is known to regulate alveolar formation, the molecular and cellular mechanisms underlying its role remain largely obscure. Here, we clarified a critical role of DA-Raf1 (DA-Raf)-a dominant-negative antagonist of the Ras-ERK signaling pathway-in alveolar formation. DA-Raf-deficient mice displayed alveolar dysgenesis resulting from defective AMYF differentiation. DA-Raf-dependent MEK1/2 inhibition in type 2 alveolar epithelial cells induces activation of matrix metalloproteinases, which is required for AMYF differentiation. Our findings reveal a pivotal role of DARaf-mediated regulation of the Ras-ERK signaling pathway in alveolar formation.
largely unknown. Here, we show that DA-Raf-dependent suppression of the Ras-ERK signaling pathway in AEC2s non-cellautonomously promotes AMYF differentiation and alveolar formation through the transcriptional control of tissue inhibitor of metalloproteinase 4 (Timp4), which prevents a subsequent proteolytic cascade MMP14-MMP2. These findings provide novel insight into mechanisms of alveolar formation linking the role of the Ras-ERK signaling pathway in AEC2s to the AMYF differentiation, and may contribute to develop regeneration therapies for chronic obstructive pulmonary disease (COPD) by inducing the recapitulation of alveolar development.
Results DA-Raf-Deficient Mice Have Defective Alveolar Formation. To examine the activation levels of the Ras-ERK signaling pathway, we first analyzed the amounts of phosphorylated MEK1/2 during postnatal stages of lungs in WT C57BL/6 mice. Western blot analysis showed gradually declining levels of phosphorylated MEK1/2 from P2 to P14 along with the progression of lung development (Fig. 1A) . Therefore, we analyzed the expression levels of DA-Raf and other negative regulators of the Ras-ERK signaling pathway, such as Sprouty and Spred families. We found that the levels of DA-Raf expression and binding between Ras proteins and DA-Raf were inversely correlated with the activation status of the Ras-ERK signaling pathway ( Fig. 1A and Fig.  S1 ). In contrast, both the amounts of other Raf family proteins and gene-expression levels of other negative regulators were nearly constant in the lungs until P14 (Fig. 1A and Fig. S1B ).
To determine the role of DA-Raf in developing lungs, we generated DA-Raf-deficient mice without affecting A-Raf expression in embryonic stem (ES) cells by targeting the DNA region including introns 6 and 7, which contain the stop sequences for DAraf transcription (Fig. S2 A and B) . Mating of DA-Raf heterozygous female (X -/X) mice with WT C57BL/6 male (X/Y) mice resulted in offspring at the expected Mendelian ratio, and the overall sex ratio was close to 1:1. Western blotting showed specific ablation of DA-Raf without affecting A-Raf expression in the brains of DA-Raf-deficient male (X -/Y) mice (Fig. S2C) . However, more than 50% of X -/Y mice died within the first week after birth and the rest died by ∼3 wk of age (Fig. S2D) . Furthermore, the growth curves of X -/Y and X -/X mice were significantly slower than sex-matched littermates (Fig. S2E) , suggesting abnormalities in both X -/Y and X -/X mice during postnatal development.
As expected, we found dysgenesis in the lungs of X -/Y mice ( Fig. 1B and Fig. S2F ). Although there were no abnormalities in lungs of X -/Y mice until P2, the parenchyma in lungs of X -/Y mice became thinner and flatter compared with their X/Y littermates from P5. Many alveolar septa extended from prealveolar saccules gave rise to alveoli in the lungs of X/Y mice from P7 to P14; however, there were few alveolar septa in X -/Y mice. Morphometric analysis of developing lungs revealed significant reductions in both lung volumes and alveolar numbers per lung in X -/Y mice from P5 to P14 compared with control mice (Fig. 1C and Fig. S2G ). Whereas alveolar numbers per unit lung volume significantly increased from P2 to P5 in X/Y mice, they remained unchanged in X -/Y mice until P14 (Fig. 1D) , suggesting defective secondary septation in X -/Y mice. Furthermore, the values of lung volume per body weight were comparable between X/Y and X -/Y mice from P2 to P14 (Fig.  S2H) , indicating that the components of alveolar units are normally added in X -/Y mice during postnatal lung growth. These findings demonstrate that the secondary septation is seriously defective in X -/Y mice during postnatal development.
Differentiation of AMYFs Is Blocked During Alveolar Formation in
DA-Raf-Deficient Mice. It has been shown that AMYFs are involved in the secondary septation (7, 8) . To clarify whether AMYFs develop normally in X -/Y mice, we conducted immunostaining for α-SMA, which is specifically expressed in smooth muscle cells (SMCs) and myofibroblasts. Although AMYFs transiently appeared in the lungs of X/Y mice from P5 to P7, the number of these cells in X -/Y mice was extremely reduced ( Fig. 2A) . In contrast, SMCs in vascular and bronchial regions and resident myofibroblasts (RMYFs) in the lungs of X -/Y mice were comparable to those of X/Y mice ( Fig. 2A and Fig. S3A ). Thus, to determine whether AMYF precursors are also impaired in the lungs of X -/Y mice, we next analyzed PDGFRα + cells in developing lungs. Immunohistochemical analysis further confirmed an extensive increase of PDGFRα + /α-SMA + cells at the tips of alveolar septa in X/Y mice from P2 to P7 (Fig. S3B) , which indicates that these cells were AMYFs. Flow cytometric measurement revealed that the fraction of AMYFs from X -/Y mice was dramatically reduced to about one-fourth the level in X/Y littermates at P6 (Fig. 2 B and C) . Conversely, the percentages of AMYF precursors (PDGFRα To clarify the mechanisms of defective AMYF differentiation in DA-Raf-deficient mice, we determined the cells expressing DAraf mRNA in developing lungs by in situ hybridization assay. Expression of DAraf mRNA was detected in round parenchymal cells located at alveolar corners at P7, and the expression level increased at P14 (Fig. 3A) consistently between AEC2s and DAraf-expressing cells. We further examined the expression of DA-Raf in AEC2s and AMYFs isolated from lungs by Western blotting. DA-Raf was highly expressed in AEC2s but only slightly expressed in the AMYF fraction (Fig. 3B) . Furthermore, protein amounts of DA-Raf markedly increased in the isolated AEC2s from P2 to P14 (Fig. S4A) , suggesting a distinct role of DA-Raf in AEC2s. Indeed, AEC2s also expressed other Raf family proteins (Fig. 3B and Fig. S4 A and B) . These results imply that DA-Raf functions as a physiological inhibitor of Raf kinases in AEC2s during alveolar formation.
It is believed that some AMYFs develop from AEC2s through epithelial-mesenchymal transition in pulmonary fibrosis (21) (22) (23) . Therefore, we predicted that AEC2s also give rise to AMYFs in developing lungs. To confirm this hypothesis, we crossed knockin mice containing an internal ribosome entry site-CreERT2 cassette under the AEC2-specific (SP-C) promoter (24) to knock-in mice containing a floxed-STOP cassette with the LacZ gene at the ROSA26 locus (25) (Fig. 3C ). To label AEC2s with LacZ for lineage tracing, 4-hydroxytamoxifen (4-OHT) was administered to pups after birth and at P1. All LacZ + cells were proSP-C + cells in lungs at P3 (Fig. S4C ), confirming that AEC2s were correctly lineage labeled. However, lineage-labeled AMYFs (α-SMA + /LacZ + cells) were scarcely found in the lungs at P5 by immunohistochemistry (Fig. 3D) . Meanwhile, most lineage-labeled cells were α-SMA − ( Fig. 3E and Fig. S4 D and E), indicating that AEC2s rarely differentiate into AMYFs at least in developing lungs. Moreover, very few proliferating AEC2s were detected in the lungs of X/Y and X -/Y mice at P5, and number of AEC2s was comparable between X/Y and X -/Y lungs (Fig. S4 F and G) . These results suggest that it is unlikely that AMYFs are derived from AEC2s during alveolar formation.
DA-Raf Controls AMYF Differentiation Non-Cell-Autonomously. The results presented so far suggested that DA-Raf in AEC2s noncell-autonomously regulates AMYF differentiation during alveolar formation. However, small amount of DA-Raf was detected in AMYFs (Fig. 3B) ; thus, we could not exclude the possibility that DA-Raf regulates AMYF differentiation cell-autonomously.
To investigate the possibility, we took advantage of X-linked GFP transgenic mice. Because the DAraf gene is located on the X-chromosome, we used transgenic mice possessing the GFP transgene on the X chromosome (X GFP ) to monitor X-inactivation (26) (27) (28) . X -/X females were crossed with X GFP /Y males to generate X GFP /X -females (Fig. 4A ). Real-time PCR analysis showed significant reduction of DAraf mRNA in GFP -(inactive-X GFP ) lung cells, but an equivalent level in GFP + (active-X GFP ) cells in lung cells from X GFP /X -females compared with that of X GFP /X mice (Fig. 4B) . If DA-Raf regulates AMYF differentiation cell-autonomously, GFP + (i.e., DA-Raf-expressing) cells but not GFP -cells differentiate into AMYFs in X GFP /X -mice (Fig. 4C ). However, not only the percentage of α-SMA + cells within GFP -lung cells but also that within the GFP + population were dramatically reduced in X GFP /X -mice compared with X GFP /X mice (Fig. 4D ). When the percentages of α-SMA + cells within GFP + lung cells were compared with those within GFP -cells, both percentages were similar (around 25%) in X GFP /X mice ( Fig. 4E ), indicating that GFP expression did not affect on AMYF differentiation. Both percentages of α-SMA + cells within GFP + or GFP -lung cells from X GFP /X -mice were similar (around 10%) and significantly lower than those of X GFP /X mice. Therefore, these data indicate that DA-Raf regulates AMYF differentiation in a non-cell-autonomous manner. In addition, there were no significant differences in the percentages of α-SMA + cells between X GFP /X -and X -/Y mice, suggesting a suppressive effect of GFP -(DA-Raf-nonexpressing) cells on the differentiation of AMYFs. To explore whether this effect of DA-Rafnonexpressing cells is local or systemic, we further examined the spatial pattern of AMYFs in lungs of X GFP /X -mice. There were insular clumps of GFP + and GFP -cells in one lobe of X GFP /X -lungs, and the GFP-high area contained many AMYFs compared with the GFP-low area (Fig. 4F) . Indeed, the intensity of α-SMA expression in 150-μm square alveolar fields of X GFP /X -lungs was highly correlated with that of GFP expression in the same fields (r = 0.79, P < 0.01) (Fig. 4G ). In addition, the percentages of α-SMA + cells in lungs of X GFP /X -and X -/Y mice were strikingly decreased independent of body weights, which excluded a systemic effect of DA-Raf on AMYF differentiation (Fig. S5A) . These results suggest that DA-Raf regulates the local alveolar environment to induce AMYF differentiation. As a result, lungs of X -/X mice at P14 contained insular clumps of small and large alveoli (Fig. S5B) . Taken together, these findings suggest that DArafinactivated cells prevent surrounding cells from differentiating into AMYFs in lungs of X -/X mice (Fig. 4H ).
DA-Raf-Dependent Inactivation of MEK1/2 in AEC2 Promotes AMYF Differentiation During Alveolar Formation. Because DA-Raf negatively regulates the level and duration of MEK1/2 activity in mouse embryonic fibroblasts ( Fig. S6 A and B) , we examined the effects of DA-Raf on the Ras-ERK signaling pathway by analyzing MEK1/2 activity at various time points during alveolar formation. Immunohistochemical analysis for phosphorylated MEK1/2 demonstrated a substantial activation of MEK1/2 in a portion of proSP-C + cells in both X/Y and X -/Y mice, but not in α-SMA + cells in X/Y mice at P5 (Fig. 5A and Fig. S6C ). Although the cells containing highly phosphorylated MEK1/2 decreased in the lungs of both X/Y and X -/Y mice from P2 to P14, the percentages of these cells in lungs of X -/Y mice were higher than those of X/Y mice from P2 to P7, but not at P14 (Fig. 5B) . These results suggest the physiological requirement of DA-Raf for inactivation of MEK1/2 in AEC2s during alveolar formation.
We further examined whether augmented phosphorylation of MEK1/2 was responsible for defective AMYF differentiation in lungs of X -/Y mice by using an inhibitor of MEK1/2 (MEKi), PD0325901, in vivo. The effective-dose of the MEKi (Fig. S6D ) was administered to X -/Y mice from P1 to P5, and AMYFs were analyzed at P6 by flow cytometry. The MEKi clearly restored the percentage of AMYF fraction in X -/Y mice (Fig. 5C ). Furthermore, the percentages of the fractions containing AMYF precursors in X -/Y mice injected with MEKi recovered to a normal level, but the fractions of SMCs and RMYFs remained constant (Fig. 5D) . Collectively, these results suggest that augmentation of phosphorylated MEK1/2 in AEC2s of X -/Y mice negatively regulates AMYF differentiation during alveolar formation. DA-Raf-Dependent Inactivation of MEK1/2 Suppresses TIMP4 Expression and Induces a Subsequent Proteolytic Cascade MMP14-MMP2. To identify negative and local secretory factors produced by AEC2s of X -/Y mice, we performed cDNA microarray analysis. Genes with more than a twofold change in expression levels in X -/Y mice compared with X/Y littermates were selected as candidates (Dataset S1). Among these genes, we focused on Timp4, which codes for a protein acting as an endogenous inhibitor of metalloproteinases including MMP14 and MMP2 (29, 30) . By real-time PCR analysis, we confirmed that Timp4 expression in total lungs and AEC2s of X -/Y mice was increased compared with those of X/Y littermates (Fig. 6A) . Furthermore, Timp4 expression was significantly concentrated in AEC2s of X -/Y mice in comparison with total lungs of X -/Y mice ( Fig. 6A and Fig. S7A ). Immunohistochemical analysis in P5 mice also showed extensive expression of TIMP4 in proSP-C + cells in X -/Y mice (Fig. S7B) . Because TIMP4 suppresses MMP14 and intermediate-MMP2, which are involved in the process of MMP2 activation (31, 32), we further examined the amount of activated MMP2 in lungs of X -/Y mice. Gelatin zymography with lung extracts at P5 showed that the amount of activated MMP2 but not MMP9 was decreased in lungs of X -/Y mice ( Fig. 6B and Fig. S7C) . Indeed, the activity of an immunoprecipitated MMP14 from lung lysates of X -/Y mice decreased compared with that of X/Y mice at P5 (Fig. 6C) . In contrast, expression levels of Mmp2, Mmp9, and Mmp14 mRNA in lungs of X -/Y mice were similar to those of X/Y littermates (Fig. 6D) . These results suggest that enhanced expression of Timp4 in AEC2s regulates MMP14-MMP2 proteolytic cascade in X -/Y lungs. During alveolar formation, levels of activated MMP2 were inversely correlated to those of TIMP4 and DA-Raf expression in WT C57BL/6 mice ( Fig. 6E and Figs. S4A and S7D), suggesting a temporal relationship among these molecules. In addition, there was a weak inverse correlation (r = −0.56, P < 0.01) between the intensities of TIMP4 and those of GFP in lungs of X GFP /X -mice at P5 (Fig.  S7E) , supporting a spatial link between TIMP4 and DA-Raf. To determine signaling pathway leading to increased Timp4 expression in X -/Y mice, MEKi was administered into mice from P1 to P5. Both mRNA and protein levels of Timp4 were restored to the control levels in X -/Y mice following inhibitor treatment (Fig. 6 F and G and Fig. S7F ). Furthermore, impaired MMP2 activity in X -/Y lungs was recovered to the control level by the treatment of MEKi (Fig. 6H and Fig. S7G ). These results suggest that DA-Raf-dependent inhibition of MEK1/2 activity suppresses TIMP4 expression, which promotes a subsequent proteolytic cascade MMP14-MMP2 during alveolar formation.
MMP14-MMP2 Proteolytic Cascade Regulates AMYF Differentiation
During Alveolar Formation. MMP2-deficient mice exhibit abnormal saccular development, and similar phenotypes are found in epidermal growth factor receptor (EGFR)-deficient mice in which MMP14 expression is extensively impaired (10, 12) . Thus, we next examined whether MMP14-MMP2 proteolytic cascade was required for AMYF differentiation during postnatal alveolar formation. First, to determine the contribution of MMP2 to alveolar formation, the activity of general MMPs was measured by using an inhibitor of MMP2 (MMPi), MMP2 inhibitor III, in the lung extracts at P5 (Fig. S8A) . The generic MMP activity in lungs was decreased to an equivalent level in X -/Y mice by the addition of this inhibitor, implying the possibility of off-target effects on other MMPs. Thus, we further analyzed the activities of MMP14 and MMP9, which have the highest possibility to be inhibited by MMPi (33) . This inhibitor of MMP2 markedly suppressed the activity of MMP14 as well as MMP2, but not MMP9 (Fig. S8 B-D) ; thus, we used that as an inhibitor of MMP14 and MMP2. Therefore, to define the role of MMP14-MMP2 proteolytic cascade, MMPi was administered to WT mice from P1 to P6, and then lung cells at P6 were analyzed by flow cytometry. The percentage of the AMYF fraction decreased by MMPi (Fig. 7A) . However, MMPi increased the percentages of the precursor fractions but did not alter that of the SMC and RMYF fractions (Fig. 7B) . In addition to the abrogation of AMYF differentiation (Fig. S8E) , interference with alveolar formation represented by the enlarged alveolar occurred in the lungs of inhibitor-treated mice (Fig. 7C) . Although lung volumes were comparable between the groups, the number of alveoli was significantly decreased by inhibitor treatment (Fig. 7 D and E) . These results indicate that MMP14-MMP2 proteolytic cascade plays an essential role in AMYF-mediated secondary septation during alveolar formation.
To examine whether the DA-Raf-regulated signaling pathway is required for pulmonary function, we measured oxygen saturation in X/X and X -/X mice by pulse oximetry after exercise. Although X -/X mice showed normal blood-oxygen saturation before exercise, reductions of blood-oxygen levels were detected in X -/X mice after exercise compared with X/X mice (Fig. S8F ). This result suggests that DA-Raf-mediated alveolar formation is critical for the normal pulmonary function.
In conclusion, the enhanced activity of MEK1/2 in DA-Rafdeficient AEC2s leads to the expression of TIMP4, which suppresses a subsequent proteolytic cascade MMP14-MMP2.
Finally, the activation of MMP2 induces differentiation from AMYF precursors into AMYFs followed by the secondary septation during alveolar formation (Fig. 7F) .
Discussion
Through the analysis of DA-Raf-deficient mice, our study clarifies the role of the Ras-ERK signaling pathway in alveolar formation. In fetal lung, the fibroblast growth factor 10 (FGF10) -activated Ras-ERK signaling pathway is essential for tracheal branching. During tracheal morphogenesis, the distribution of the activated ERK1/2 in epithelial cells at terminal lung buds is regulated by Sprouty1/2, which determines mitotic spindle orientation and airway shape (14, 15) . Furthermore, the Ras-ERK signaling pathway in Sox9 + cells at the branch tips of developing lungs regulates the balance between branching and alveolar differentiation (16) . Our findings demonstrate that DA-Raf predominantly inhibits the Ras-ERK signaling pathway in AEC2s during alveolar formation. Collectively, these data show that the spatiotemporally regulated Ras-ERK signaling pathway is one of the most important key regulators for both fetal and postnatal development of lungs.
It has been known that the magnitude, duration, and subcellular localization of ERK1/2 determine distinct cellular responses in a cell-type-specific manner (34) . In the present study, the phosphorylation levels of MEK1/2 in AEC2s gradually declined along with the progression of alveolar formation in WT mice, implying the physiological significance of the activation patterns of the Ras-ERK signaling pathway in AEC2s. The detailed analysis of MEK1/2 and ERK1/2 activation in DA-Raf-deficient mouse embryonic fibroblasts reveals that DA-Raf can regulate the magnitude and duration of the Ras-ERK signaling pathway upstream of MEK1/2. Furthermore, prolonged MEK1/2 activation in DA-Raf-deficient AEC2s was detected until P7 during alveolar formation. Therefore, DA-Raf appears to physiologically determine cellular responses by regulating the activation patterns of the Ras-ERK signaling pathway in AEC2s. Because all Raf family members were expressed in AEC2s, and none of the genetic studies has provided their relevance to alveolar formation (35) (36) (37) (38) (39) , phenotypic analyses in AEC2-specific knockout mice lacking each member will be needed.
Our analysis resolved a longstanding question about how AMYF precursors differentiate into AMYFs during alveolar formation. Because PDGF-A-deficient mice lack AMYFs and AMYF precursors expressing PDGFRα in the alveolar region, it has been suggested that these cells migrate from proximal to peripheral area of lungs in response to epithelial-derived PDGF-A during alveolar formation (3, 4) . Although AMYF precursors were comparable between WT and DA-Raf-deficient mice at P2, these cells increased in DA-Raf-deficient mice at P6 because of impaired AMYF differentiation, implying that PDGF-A/PDGFRα signaling pathway is normally activated in DA-Raf-deficient mice. These results clearly suggest that other mechanisms underlie AMYF differentiation in addition to the migration of AMYF precursors mediated by the PDGF-A/PDGFRα signaling pathway. In the present study, we show that DA-Raf in AEC2s regulates AMYF differentiation in a non-cell-autonomous manner, which highlights the importance of the AEC2-AMYF precursor interaction in alveolar formation. Accordingly, similar to other types of organogenesis, the epithelial-mesenchymal interaction is one of the critical factors for alveolar formation. Collectively, these data show that AMYF is induced by two steps, migration of AMYF precursors to the peripheral area of lungs and AEC2-induced AMYF differentiation, which might determine the precise localization of the secondary septa.
We identified TIMP4 as a local inhibitory factor secreted from DA-Raf-deficient AEC2s. Previously, the activated MEK1/2-mediated transcriptional control of Timp4 has been implicated in chondrocytes (40) . In addition, aberrant Timp4 expression has been identified in cancer (29) , and the mouse Timp4 promoter contains potential binding sites for Ets family members, which In A, C, D, and F the analyses were performed with three to five independent mice per genotype. **P < 0.01, *P < 0.05; NS, P > 0.05. are transcription factors activated by the Ras-ERK signaling pathway (41) . These findings imply the involvement of the Ras-ERK signaling pathway in transcriptional control of Timp4. Consistent with overexpression of Timp4, MMP2 and MMP14 activities in the lungs of DA-Raf-deficient mice were significantly lower than those in WT mice. Previous studies have demonstrated that mice lacking MMP2 or MMP14 exhibit severe airspace enlargement and pulmonary hypoplasia (10) (11) (12) . In accordance with a substantial contribution of MMP14 and MMP2 to generic MMPs activity at P5, continuous treatment of WT mice with MMPi abrogated the differentiation of AMYFs and the secondary septation, to a lesser extent, similar to that found in DA-Raf-deficient mice. Therefore, impaired MMP14 and MMP2 activities partly account for the defective alveolar formation in DA-Raf-deficient mice.
In the present study, we could not identify the proteolytic targets of MMP2 during alveolar formation. Latent TGF-β1 might be a substrate for MMP2. TGF-β1 induces α-SMA expression and differentiation into myofibroblast from pulmonary fibroblast including PDGFRα + cells in vitro (5) . In addition, MMP-2 proteolytically cleaves and activates latent TGF-β1 (42) . Furthermore, the mice lacking the component of latent TGF-β1 complex represent defective alveolar formation (43, 44) . Taken together, these data show that AEC2-mediated balance between MMP2 and TIMP4 might determine the spatiotemporal availability of active TGF-β1 and underlie the AMYF differentiation, but it remains to be elucidated. In addition, it has been shown that ECM proteins including elastin, collagen, and fibronectin, deposited by AMYFs, are substrates for MMP2 (45) . Thus, MMP2-mediated ECM remodeling may coordinately contribute to AMYF-mediated morphological changes of alveolar walls in the secondary septation.
Our study demonstrates a novel link between the role of the Ras-ERK signaling pathway in AEC2s and AMYF differentiation in alveolar formation. Although the Ras-ERK signaling pathway in AEC2s seems to be highly related to AMYF differentiation, this relationship has only be shown in FGF receptor (FGFr) 3 and FGFr4 double-knockout mice. These FGFr3 and FGFr4 genes encode receptors for FGFs and are expressed in AEC2s, and double-knockout mice lacking these genes display excessive AMYFs (46, 47) . In contrast, DA-Raf-deficient mice, which displayed augmented MEK1/2 activity in AEC2s, had significantly reduced AMYFs. Accordingly, there is an apparent inverse correlation between AMYF differentiation and the Ras-ERK signaling activity in AEC2s. Therefore, negative regulation of the Ras-ERK signaling pathway in AEC2s seems to act as a timer that triggers differentiation of AMYFs.
Regeneration of alveoli is an attractive therapeutic approach for COPD characterized by extensive destruction of alveolar walls. After pneumonectomy, alveolar formation occurs along with the increase of lung volume (48, 49) . Besides adding new alveolar units, AMYF-mediated secondary septation also occurs during pneumonectomy-induced compensatory lung growth at least in mouse model (13, 50) . Therefore, adult lungs have the ability to reproduce developmental events in many mammalian species, including humans. In the present study, measurement of blood-oxygen saturation after exercise in adult DA-Raf heterozygous female mice revealed similarities to the symptoms of patient with COPD. Thus, we believe that new therapies for COPD by targeting for DA-Raf-mediated signaling pathways in AEC2s can be developed.
Materials and Methods
Morphometry. Lungs for morphometric analysis were fixed according to the method described previously (51) . Whole lung volumes were estimated by the Cavalieri method. Sampling of lung tissue was conducted by use of tissue fractionator after embedding in 4% (wt/vol) Agar. Alveolar numbers were estimated by counting alveolar rings in serial sections using the values of parenchymal volumes calculated by point counting, as described previously (52, 53) .
Tissue Preparation and Immunohistochemistry. After perfusion with PBS, the lungs were inflated and fixed with 4% (wt/vol) paraformaldehyde (PFA) in 0.1 M Na-PO 4 buffer (pH 7.4) through the trachea. Tissues were embedded in paraffin wax or infused with 30% (wt/vol) sucrose followed by freezing in Tissue-Tec OCT compound (Sakura). For histological examination, tissue sections were cut from paraffin-embedded blocks of lungs 4-μm thick and stained with H&E. The 4-μm-thick sections were cut from the frozen block and dried. If necessary, antigen retrieval was carried out, and sections were permeabilized with 0.1% TritonX-100 in PBS. After blocking with blocking buffer (1% BSA in 1×TBS), sections were immunostained with Cy3-conjugated anti-α-SMA, anti-GFP, anti-LacZ anti-phospho-MEK1/2, anti-proSP-C, and anti-TIMP4 antibody diluted in appropriate buffer, and then these antibodies were applied to the sections. Detection was carried out with fluorescent species-matched secondary antibody. The nuclei were stained with Hoechst 33258 (Life Technologies). The specimens were observed with Zeiss Axioskop microscope (Carl Zeiss). For staining with Cy3-conjugated anti-α-SMA mAb, rabbit anti-GFP pAb, and anti-proSP-C pAb, the sections were incubated with 1:200 dilutions of the antibodies in blocking buffer at room temperature for 1-2 h. For staining of LacZ, the sections were incubated with a 1:100 dilution of the antibody in blocking buffer for overnight at 4°C. For detection of phospho-MEK1/2 and TIMP4, antigen retrieval was carried out by subjecting slides to microwave treatment in 0.01 M sodium citrate buffer (pH 6.0) and the sections were incubated with a 1:200 dilution of antiphospho-MEK1/2 pAb in SignalStain Antibody Diluent (Cell Signaling Technology) for overnight at 4°C. For BrdU staining, paraffin-embedded lung sections were deparaffinized and subjected to antigen retrieval conducted by microwave for 15 min in 0.01 M sodium citrate buffer (pH 6.0). Then, the sections were incubated with anti-BrdU mAb diluted in blocking buffer 1:200 for 1 h at room temperature. After washing with PBS, the sections were incubated with 1:1,000 dilutions of A488-or A555-conjugated secondary antibodies for 1 h at room temperature. For quantitative analyses of GFP, α-SMA, TIMP4, and phospho-MEK1/2, microscopic images were further analyzed by ImageJ. For double-staining of lungs with the antibodies for phospho-MEK1/2 and proSP-C or TIMP4 and proSP-C, antibodies were labeled using Zenon labeling kit (Life Technologies), according to the manufacturer's protocol.
Preparation of Lung Cells. Suspension of lung cells was obtained according to modified protocol described previously (54) . Briefly, lung was perfused with PBS and injected with 1 mg/mL collagenase (Sigma) in PBS thorough the trachea, then incubated for 20 min at 37°C. Dissections were taken off lobes and minced into small pieces. To obtain a single-cell suspension, we used 50 μg/mL DNaseI and passed the cells through a cell strainer (Falcon). For FACS analysis, erythrocytes were eliminated by the incubation in lysis buffer (0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM EDTA) for 2 min at room temperature. For FACS analysis, the cells were washed twice with PBS and then conducted staining. Isolation of AEC2s was performed according to modified protocols described previously (54, 55) . Dispersed cells were centrifuged in a Percoll (GE Healthcare) density gradient (25-65% vol/vol), and second and third bands were taken out from a total of five fractions. The suspension of AEC2s was further purified by magnetic activated cell separation depletion of macrophage and leukocytes using APC-conjugated anti-CD11b mAb and APC-conjugated anti-CD45 mAb. Furthermore, adhesion-based negative selection was performed to eliminate fibroblasts. Pepstatin A (10 μg/mL) and MG132 (5 μM) were added in all steps of purification after digestion of lungs by collagenase, to inhibit lysosomal proteases and proteasome, respectively. For culture of lung fibroblasts, lungs were removed without the large airway from mice following perfusion with PBS and incubated 10 min in FBS-free DMEM at room temperature. Then, lungs were extensively minced into small pieces and cultured in DMEM containing 10% (vol/vol) FBS for 7 d at 37°C. Medium was changed every 2 d.
FACS Analysis. For PFGFRα staining, the isolated cells were incubated with APC-conjugated anti-PDGFRα in PBS for 30 min on ice. For α-SMA staining, the cells were fixed with Foxp3 Fixation/Permeabilization product (eBioscience) according to the manufacturer's protocol before staining. After fixation, the cells were incubated with Cy3-conjugated anti-α-SMA in PBS containing 5% (vol/vol) FBS for 30 min at room temperature. After the extensive washing, the cells were analyzed by flow cytometer (BD Biosciences).
RNA Isolation and Quantitative PCR. Total RNA of lungs was purified using RNeasy Plus Kit (QIAGEN), and reverse transcription of mRNA was performed using the SuperScript VILO cDNA Synthesis Kit (Life Technologies) according to the manufacturer's protocol. Real-time PCR was performed on the 7300 Real-Time PCR system (Applied Biosystems) using the Power SYBR Green PCR Master Mix (Applied Biosystems) and specific primers. Primers used for realtime PCR are listed in SI Materials and Methods.
Western Blotting and Immunoprecipitation. Western blotting was carried out as described previously (56) . For the analysis using antibodies for DA-Raf and phospho-proteins, antibodies were diluted with Can Get signal immunoreaction enhancer solution (TOYOBO) and applied to membranes for overnight at 4°C. For immunoprecipitation assay, lungs were homogenized in lysis buffer containing 1% Nonidet P-40, 5% (vol/vol) glycerol, 50 mM Tris·HCl (pH7.5), 100 mM NaCl, 5 mM Na 3 VO 4 , 10 mM NaF, 10 μg/mL Leupeptin, 10 μg/mL pepstatinA, 1 mM DTT, and 10 mM MgCl 2 , and incubated on ice for 15 min. After centrifuging at 20,000 × g for 15 min, supernatants were collected and applied to Protein A-Sepharose (GE Healthcare) conjugated with anti-Pan-Ras. After incubation for 30 min at 4°C, Sepharose was extensively washed with lysis buffer containing 30 mM MgCl 2 . Then, samples were eluted by boiling for 3 min in SDS/PAGE sample buffer and subjected to SDS/ PAGE followed by Western blot analysis. For quantitative analysis of Western blots, intensity of individual bands was quantified using ImageJ software.
Transgenic and Knock-In Reporter Mice. We routinely determined the genotypes of offspring by genomic PCR using Taq DNA polymerase (New England Bio Labs) with primers listed in SI Materials and Methods. X-linked GFP mice (B6C3F1-Tg(CAG-EGFP)CX-FM038Osb) were provided by RIKEN BRC through the National Bio-Resource Project of the MEXT (Ministry of Education, Culture, Sports, Science, and Technology) , Japan and were described previously (26) (27) (28) . To obtain the mice for genetic lineage tracing, we crossed SP-CCreERT2 knock-in mice that were kindly donated by Brigit Hogan (Duke University, Durham, NC), with ROSA26-LacZ reporter mice, Gt(ROSA)26Sortm1Sor/J, obtained from the Jackson Laboratory.
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